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Abstract 
Background: In the Neolithic, domestic sheep migrated into Europe and subsequently spread in westerly and 
northwesterly directions. Reconstruction of these migrations and subsequent genetic events requires a more detailed 
characterization of the current phylogeographic differentiation.
Results: We collected 50 K single nucleotide polymorphism (SNP) profiles of Balkan sheep that are currently found 
near the major Neolithic point of entry into Europe, and combined these data with published genotypes from south‑
west‑Asian, Mediterranean, central‑European and north‑European sheep and from Asian and European mouflons. We 
detected clines, ancestral components and admixture by using variants of common analysis tools: geography‑inform‑
ative supervised principal component analysis (PCA), breed‑specific admixture analysis, across‑breed f4 profiles and 
phylogenetic analysis of regional pools of breeds. The regional Balkan sheep populations exhibit considerable genetic 
overlap, but are clearly distinct from the breeds in surrounding regions. The Asian mouflon did not influence the dif‑
ferentiation of the European domestic sheep and is only distantly related to present‑day sheep, including those from 
Iran where the mouflons were sampled. We demonstrate the occurrence, from southeast to northwest Europe, of a 
continuously increasing ancestral component of up to 20% contributed by the European mouflon, which is assumed 
to descend from the original Neolithic domesticates. The overall patterns indicate that the Balkan region and Italy 
served as post‑domestication migration hubs, from which wool sheep reached Spain and north Italy with subsequent 
migrations northwards. The documented dispersal of Tarentine wool sheep during the Roman period may have been 
part of this process. Our results also reproduce the documented 18th century admixture of Spanish Merino sheep into 
several central‑European breeds.
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Background
The domestic sheep descends from the wild Asian mou-
flon in southwest Asia and was, ca. 10.000 BCE (before 
the common era) together with goat, the first domestic 
livestock species [1]. As source of meat and milk, sheep 
has never reached the productivity of cattle and pigs, but 
has become the principal source of wool for textiles [2]. 
During the Roman era and the Middle Ages, the wool 
trade played a foremost role in the European economy 
[3–5]. By their toleration of extensive management, 
sheep have retained an important role in local economies 
of both the developing countries and the western world 
[6].
As for other livestock species, the post-domestication 
dispersal introduced sheep from southwest Asia to all 
inhabited continents [7, 8]. According to archaeological 
evidence, agriculture was introduced into Europe during 
the Neolithic Revolution following two routes, along the 
Mediterranean coasts and via the valley of the Danube 
[9–13], respectively. However, the resulting genetic clines 
may very well have been superseded by later events. For 
instance, a subsequent wave of migration is thought to 
have introduced into Europe the wool-type sheep, replac-
ing most of the original hair-type sheep from which 
today’s feral European mouflon [14, 15] descends. A simi-
lar event has been the expansion around 3000 BCE of fat-
tailed and fat-rumped sheep over central and southwest 
Asia and east Africa [16]. Roman written sources distin-
guish sheep producing coarse wool for carpets and fine 
wool sheep. The best wool sheep originated in south Italy 
and Greece [17, 18] and were exported to other parts of 
the Empire. In the late Middle Ages, the Spanish Merino 
breed was developed as producer of high-quality wool. 
Since the 16th century, it has been crossed into several 
French [19] and central-European breeds [20–22]. The 
use of several British breeds for upgrading northwest-
European breeds, primarily as meat producers [14, 19], 
probably started later. In addition, it is plausible that 
wars, famines and epidemics have led to several, mostly 
undocumented mass eradications, after which flocks 
and herds had to be replenished by importations from 
elsewhere.
Differentiation of local sheep populations into breeds 
became more pronounced from the 18th century by the 
use of systematic breeding with well-defined objectives. 
The current sheep populations display a large diversity of 
local as well as transboundary breeds adapted to differ-
ent environments and with different breeding objectives. 
A representative survey of sheep populations using the 
Illumina Ovine 50 K genome-wide single nucleotide pol-
ymorphism (SNP) panel [22] revealed a clear geographic 
differentiation, but also a high degree of historic admix-
ture. Especially for Spanish breeds [22], this has been 
stimulated by seasonal transhumant migrations [23]. 
Current patterns of genetic diversity have been inter-
preted in historic and environmental terms, for example 
in Switzerland [24], mainland Italy [25, 26], Sicily [27], 
Belgium [28], France [19], the Pyrenean region [29], 
Spain [30], Greece [31], Wales [32], Russia [33], Nepal 
[34], China [35, 36], Iran [37], north Africa [38, 39], 
South Africa [40], Ethiopia [41, 42], New-Zealand [43] 
and the Carribean region [44] and Merino sheep gener-
ally [20]. Recurring observations and themes are the con-
trast between sheep with fat and normal tails [26, 33, 35, 
41, 42], the influence of Merino sheep [19, 20, 33, 39] or 
other breeds [25, 44], the level of breed separation [27, 
30, 32, 38, 39, 43] and the adaptation to the environment 
[34, 36, 37, 41, 45]. A comparison of European sheep with 
Asian and European mouflons [46] indicated an influence 
of European mouflons on domesticated sheep that has 
been relevant for adaptation.
In the above-mentioned studies, the authentic breeds 
from the Balkan countries, the major entry point of 
the Neolithic sheep into Europe [12], have been under-
represented. The Zackel type sheep with Pramenka and 
Ruda as subvarieties [47] are hardy sheep well adapted to 
extensive management in marginal areas.
In order to define more completely the historic rela-
tionships of European and southwest-Asian sheep and 
their phylogenetic relationships with the wild and feral 
populations, we generated 50  K SNP genotypes from a 
representative collection of Balkan sheep. These data 
were combined with available genotypes of south-, cen-
tral- and north-European sheep and southwest Asian 
sheep  (Fig.  1). By using variants of the most common 
modes of analysis, we identified the influence of the Euro-
pean mouflon and detected genetic clines, which could 
be historical witnesses of migration events. We have also 
used genotype data to test the historic evidence for the 
influence of the Spanish Merino sheep on several central 
European breeds.
Conclusions: Our results contribute to a better understanding of the events that have created the present diver‑
sity pattern, which is relevant for the management of the genetic resources represented by the European sheep 
population.
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Methods
Samples, genotypes, datasets
DNA was extracted from blood samples (see Additional 
file 1: Table S1) and used for genotyping on the Illumina 
Ovine 50 K SNP bead array as described previously [22, 
25]. We used the Plink 1.9 program (http://www.cog-
genom ics.org/plink 2) for data management and qual-
ity checks. Samples and markers with more than 10% 
missing genotypes were removed. The resulting data were 
combined with published genotypes for other breeds (see 
Additional file 1: Table S1). We used the Splitstree v4.14.6 
software (https ://softw are-ab.infor matik .uni-tuebi ngen.
de/downl oad/split stree 4/welco me.html [48]) to con-
struct Neighbour-Joining trees on the basis of allele-shar-
ing distances (ASD) between individuals. We detected 
seven duplicate samples, whereas deviations from the 
Fig. 1 Breeds analyzed in this study. Breed codes: AFS, Afshari; ALP, Alpagota; ALT, Altamurana; AMF, Asian Mouflon; APP, Appenninica; BAG, 
Bagnolese; BEN, Bentheimer; BER, Bergamasca; BHM, Black‑Headed Mutton; BIE, Biellese; BKR, Bela Krajina; BOS, Bundner Oberländer; BOV, Bovec; 
CAS, Castellana; CFT, Cyprus Fat‑Tail; CHI, Chios; CIK, Cikta; COM, Comisana; CRI, Croatian Isles; DAL, Dalmatian; DEL, Delle Langhe; DRH, Drenthe 
Heath; DUB, Dubska; EBI, Egyptian Barki; EFB, East‑Friesian Brown; EMF, European Mouflon; ERS, Engadine Red; FAB, Fabrianese; FIN, Finnsheep; GEN, 
Gentile di Puglia; GHS, German Heath; GOR, Polish Mountain; IST, Istrian; JSO, Jezersko‑Solčava; KAM, Kamieniec; KAR, Karakul; KCH, Karakachanska; 
KRS, Karakas; KYM, Kymi; LAR, Lara; LAT, Laticauda; LAW, Local Awassi; LBA, Lori‑Bakhtiari; LEC, Leccese; LES, Lesvos; LIK, Lika; LIP, Lipska; LTX, Latxa; 
MAS, Massese; MEE, Merino Estremadura; MER, Australian Merino; MOG, Moghani; NDZ, Norduz; NSO, Old Norwegian Spael; NSP, Spael‑white; NWI, 
Norwegian White; OJA, Ojalada; OSS, Ossimi; OVC, Ovchepolean; PIN, Pinzirita; PIV, Pivska; PVO, Privorska; QEZ, Qezel; RAA, Rasa Aragonesa; RAC, 
Racka; REC, Recka; RHO, Rhön; RIP, Ripollesa; RUD, Ruda; SAA, Sasi‑Ardi; SAM, Sambucana; SAW, Sardinian White; SBS, Swiss Black‑Brown Mountain; 
SCH, Schoonebeker; SEG, Segurena; SKO, Shkodrane; SKZ, Sakiz; SMF, Sardinian Mouflon; SMS, Swiss Mirror; SOP, Sopravissana; SOR, Sora; SUM, 
Sumavska; SWA, Swiss White Alpine; TSIH, HungarianTsigaia; TSIR, RomanianTsigaia; VAL, Valachian; VBE, Valle del Belice; VBS, Valais Blacknose; VEH, 
Veluwe Heath; VRS, Valais Red Sheep; XIS, Xisqueta; ZEL, Zel; ZUJ, Zuja
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expected clustering per breed in both novel and pub-
lished data identified 16 outliers, i.e. samples for which 
the pure breed origin is questionable, presumably due to 
recent crossbreeding (AFS26, ALT15-18, BIE42, CAS03, 
IST38, LBA759571, LEC1, LEC2, LEC33, OJA10, SAM24, 
SAM49 and ZEL759420, all breed abbreviations are 
explained in the legend of Fig. 1). These samples together 
with those of declared F1 animals were discarded. In 
order to balance the composition of the dataset, we 
retained only the Australian Merino and the Spanish 
Estremadura populations from the available Merino sam-
ples. For most analyses, we used 25 or less individuals per 
breed. We retained 21,960 SNPs after linkage disequilib-
rium (LD)-pruning (Plink–indep-pairwise 50 50 0.03), 
which alleviates the ascertainment bias [49]. Additional 
file 2: Table S2 shows how datasets were tailored to the 
mode of analysis. From the dataset of [46], we retrieved 
genotypes from European mouflons sampled in Corsica, 
Sardinia and Hungary. For supervised admixture (v1.3.0) 
analysis [50], we assembled, based on the ASD NJ tree 
topology, a representive metapopulation (mEMF), con-
sisting of 42 European mouflons sampled in Spain (2), 
Corsica (2), Hungary (8) and Sardinia (22 SMF-1 and 8 
SMF-2 animals), respectively.
Diversity and differentiation of breeds
Observed heterozygosities averaged per breed (Ho) were 
calculated via Plink. Runs of homozygosity (ROH) longer 
than 1  Mb and containing more than 30 SNPs with an 
average density of more than one SNP/100  kb, a maxi-
mum gap between consecutive SNPs of 250  kb, and at 
most one missing and one heterozygous SNP, were calcu-
lated by using Plink as described previously [51]. We ana-
lyzed the differentiation of the Pramenka populations by 
means of the ASD Neighbour-Joining tree as described 
in the previous section. For the same purpose, data were 
filtered and phased haplotypes were inferred using the 
Shapeit v2.r900 software [52]. Shared haplotypes were 
identified by the program Chromopainter v2 and poste-
rior distribution of clusters were visualized via the associ-
ated fineStructure v2 tree-building algorithm [53].
Detection of clines
Principal component analysis (PCA) was performed with 
Plink, using a balanced dataset of less than six samples 
per breed for detection of genetic clines. To prevent bias 
arising from the large genetic distances between the 
most inbred sheep (East-Friesian Brown, Karakachanska 
and Valais Black-Nose) or the mouflons (AMF, EMF and 
SMF) and the other samples, we used the Plink option to 
calculate PCs for a subset of the individuals that are to be 
plotted, in this case all sheep except the EFB, KCH,VBS, 
AMF, EMF and SMF outliers. We refer to this procedure 
as supervised PCA (svPCA).
For the detection of geographic clines, we carried out 
a ‘geographic svPCA’ by calculating the PC  only for the 
breeds living at the geographic extremes in the north 
(Norway, Finland), southwest (Spain) and southeast 
(southwest Asia, Egypt). We compared the performance 
of this method with the results of spatial PCA (sPCA 
[54]), which also has been designed for the detection of 
genetic clines, while using all three available triangu-
lations (Delaunay, Gabriel and Nearest Neighbor) for 
alternative approximations of geographic inter-breed 
distances.
Neighbor-net graphs of Reynolds’ distances between 
breeds or regional groups of breeds were constructed as 
described previously [22].
Ancestry and introgression
Model-based clustering using genome-wide SNPs was 
performed as implemented in the software Admixture 
v. 1.22 [50]. Admixture was further analyzed by three 
methods: model-based clustering with ancestry-inform-
ative markers (AIM [55]); calculation of f4 statistics; 
and TreeMix tree constructions. The first two methods 
were used for detecting the influence of AMF, EMF and 
Merino, respectively. For this purpose, we assembled four 
metapopulations:
• mEMF, consisting of 42 mouflons that were less 
inbred than our Spanish EMF sample (2 Corsican, 
8 Hungarian and 30 Sardinian mouflons [46] and 
2 Spanish mouflons (EMF) with similar degree of 
inbreeding);
• PRMS, consisting of 28 southern Pramenka sheep 
(5 LAR, 5 OVC, 6 PIV, 2 REC, 5 RUD and 5 SOR) 
as proxy of the phylogenetic root of the European 
sheep;
• mMER, 26 Merino sheep (13 MER + 13 MEE);
• nMER, consisting of 127 non-Merino Iberian sam-
ples (21 CAS, 23 OJA, 27 RAA, 22 RIP, 12 RAA and 
22 XIS).
The use of panels of AIM for model-based clustering 
as implemented in Structure [56] has been demonstrated 
in [35] for fat-tailed sheep and is denoted here as breed-
specific admixture analysis (BSAA). AIM were selected 
based on their FST values calculated via Plink. Specifically, 
we selected 358 AMF-specific AIM while avoiding AMF-
mEMF cross-specificity (see Additional file 3: Table S3A) 
by using the following thresholds: FST (AMF-PRMS) > 0.5, 
FST (mEMF-AMF) > 0.5 and FST (mEMF-PRMS) < 0.1. 
Likewise, 334 EMF-specific SNPs (see Additional file  3: 
Table  S3B) were selected by using the thresholds: FST 
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(mEMF-PRMS) > 0.6, FST (mEMF-AMF) > 0.6 and FST 
(AMF-PRMS < 0.1). For testing Merino admixture, 606 
SNPs (see Additional file 3: Table S3C) were selected by 
using the threshold FST (mMER-MER) > 0.13. Thus, the 
AIM panels defined were used for Structure analysis with 
15,000 burn-in steps and 35,000 iterations at different 
k values. Q-values from the run with the lowest k value 
showing a breed-specific signal were plotted.
The f4 statistic uses allele frequencies from four pop-
ulations: a source and a recipient of ancestry (often via 
introgression) to be tested and for each a related control 
population free of the ancestry to be tested. The ancestry 
of the source in the recipient generates a significant cor-
relation between the shifts in allele frequency between 
the source and its control (for instance, an outgroup) and 
between the recipient and its control, respectively [57]. 
The influence of Asian and European mouflons, respec-
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21,960 SNPs, where f  is the allele frequency of one of the 
two SNP alleles in the indicated breed and X is the recipi-







, with the nomi-
nator and denominator averaged over 21,960 SNPs.
Positive and negative values indicate that, relative to 
PRMS, the influence of European mouflon is larger and 
smaller, respectively, than the influence of Asian mou-
flon. The confidence interval of f4n has been calculated 
as f4n plus 2 × its standard deviation parallel to f4n minus 
2 × its standard deviation, corresponding to a P < 0.05 for 
f4n > 0 or < 0.
Likewise, the influence of Merino sheep on other 
breeds was inferred from positive values of 
with the nominator and denominator averaged over 
21,960 SNPs.
Values are close to 1.0 for the Merino  as test breed 
(1.05 for MEE and 0.94 for MER) and yield for the other 
breeds estimators of the degree of Merino introgression 
relative to PRMS.
TreeMix [58] was used to construct a maximum likeli-
hood tree of 78 breeds or regional groups of breeds, to 
which 1 to 20 edges were added as indicators of admix-
ture events. Likelihoods and proportions of variance 
explained were calculated by using the R Package OptM 

















Our panel of sheep comprises several breeds from south-
east Europe and surrounding areas: southwest Asia, 
Egypt, Italy, Spain and central and north Europe (Fig. 1) 
and (see Additional file  1: Table  S1). The diversity as 
derived from the observed heterozygosity (Ho) is highest 
in most of the eastern, southeast-European and Iberian 
breeds. Ho values are lower in most Italian, Swiss, Greek 
and the Asian and African Fat-tailed sheep and decreased 
further in the north-European breeds. The extremely low 
values for East-Friesian Brown, Karakachanska, Valais 
Blacknose and the European Mouflon are likely reflect-
ing genetic isolation and/or population bottlenecks. 
However, whole-genome sequencing has shown that the 
nucleotide diversity of Asian mouflons is higher than that 
of domesticated sheep [59–61]. This indicates that the 
low Ho values for the mouflons reflect the ascertainment 
bias of the 50 K SNP panel, i.e. the diversity of the breeds 
that were not used to create the SNP panel is underes-
timated. This explanation is supported by a plot of Ho 
against the total ROH coverage (FROH, [see Additional 
file 4: Table S4]), in which the latter value is expected to 
be less affected by the ascertainment bias than Ho. For 
most breeds, this plot (see Additional file  5: Figure S1) 
shows the expected inverse linear relationship [62], but 
 Ho values for Asian mouflon and, to a lesser degree, Sar-
dinian mouflon, fat-tailed sheep and Balkan breeds are 
relatively low.
We tested the breed-level differentiation by visualiz-
ing ASD between individuals in Neighbour-Joining trees. 
Most breeds are well separated with only a nesting of 
Norwegian Spæl White within Original Norwegian Spæl 
and a good correlation of within-breed distances and Ho 
(not shown). However, there is a high degree of intermin-
gling of the Pramenka breeds (see Additional file 6: Fig-
ure S2).
A fineStructure plot based on haplotype sharing (see 
Additional file  7: Figure S3) confirms the incomplete 
breed differentiation of Pramenka sheep with the inter-
mingling of Dalmatian, Lara, Lipska, Ovchepolean and 
Romanian Tsigaia as also revealed by the ASD tree. Diag-
onal clusters of related sheep correspond to the most 
distinct breeds or to regional combinations of Pramenka 
breeds (Hungarian Racka, Slovenian Bela Krajina, Croa-
tian Lika, Bosnian Dubska and Privorska; Montenegrin 
Pivska and Sora; and Serbian Lipska and north-Macedo-
nian Ovchepolean, respectively).
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Coordination analysis
Figure  2a shows a PCA plot of domesticated sheep and 
European and Asian mouflons. PC1 shows an east–west 
cline of domesticated sheep between the Iranian fat-
tailed sheep and the north-European thin-tailed sheep. 
Remarkably, this trend is at the west end extrapolated 
towards the European mouflon. PC2 separates mouflons 
and domestic sheep. Asian mouflons are almost equidis-




Fig. 2 PCA analysis (breed codes are as in Fig. 1). a Plots of 546 domestic sheep (≤ 6 animals per breed). We checked that removal of either 
European or Asian mouflons did not change the pattern of the other individuals. Finn sheep are relative to other Nordic breeds shifted toward the 
fat‑tailed sheep. b Supervised PCA of 1477 animals in which the PC values were calculated based on 507 domestic animals (≤ 6 animals per breed; 
without EFB, KCH, VBN, AMF, EMF or SMF) and have been averaged per breed. See Additional file 9: Figure S5 for svPC3 vs. svPV1 and see Additional 
file 8: Figure S4 right panels, for the corresponding plots of individuals. c Left panel: supervised PCA of 1477 animals in which the PC values (svPC1, 
svPC2), averaged per breed, were calculated based on the indicated fat‑tailed, Nordic and Spanish sheeps. Right panel: magnification of the area 
indicated by the dotted line in the left panel. See Additional file 11: Figure S7 for the corresponding plot of individuals
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domestic sheep from the region where the Asian mou-
flons were sampled.
In a PCA of domesticated sheep (see Additional file 8: 
Figure S4 left panels), PC1 again shows the east-to-west 
cline, whereas PC2 and PC3 are disproportionally influ-
enced by East-Friesian Brown (EFB), Karakachanska 
(KCH) and Valais Blacknose (VBS), the three breeds with 
low Ho. This is remedied by supervised PCA (svPCA) 
in which we computed the principal components for 
the domesticated sheep without these three breeds (see 
Additional file  8: Figure S4 right panels). The svPCA 
interpolates these breeds close to other sheep from the 
same region, demonstrating that this approach extends 
the usefulness of PCA to populations with extremely low 
diversity.
In Fig. 2b, the svPC values have been averaged over the 
breeds. In this plot, svPC1 shows an east–west cline that 
is particularly strong for the Greek breeds. SvPC2 values 
show a cline from the Balkan region along the Mediter-
ranean coast and as well as a cline south to north. SvPC3 
emphasizes the contrast of northern and southwest 
Europe (see Additional file 9: Figure S5).
Spatial PCA (sPCA) combines genetic and geographic 
information in order to optimize the detection of geo-
graphical trends [54], with a choice of three methods 
of triangulation to calculate spatial distances between 
breeds. However, with our dataset, the three methods of 
triangulation in sPCA (see Additional file 10: Figure S6) 
generated essentially the same pattern as PCA (see Addi-
tional file 8: Figure S4 right panels).
Additional file  11: Figure S7 shows an alternative way 
to introduce geographical information: supervised PCA 
in which the components are controlled by the geo-
graphical extremes: the fat-tailed breeds from south-
west Asia, the southwest-European breeds from Spain 
and the northernmost breeds from Norway and Fin-
land. Then, the other sheep and the mouflons are inter-
polated between these extremes without using their 
mutual distances. Compared to Fig.  2 and Additional 
file  8: Figure S4, averaging the geographic svPC values 
per breed (Fig. 2c) emphasizes a central position of north 
Italy between the Balkans, central and south Italy, Spain 
and central Europe, indicating both an east–west and a 
north–south cline. The plot of individuals (see Additional 
file  11: Figure S7) may suggest direct contact between 
the Balkan and south-Italian sheep, but this is mediated 
by the Bagnolese and Laticauda sheep, which are known 
to have been influenced by north-African fat-tailed Bar-
bary sheep [26]. In Fig. 2c, Asian mouflons are interpo-
lated within the Balkan sheep, whereas in agreement 
with Fig.  2a, European mouflons are extrapolated to an 
extreme left position.
Phylogenetic analysis
Because of the incomplete genetic differentiation of the 
Pramenka breeds and their small sample size, we com-
bined neighboring populations and other closely related 
breeds in regional clusters, as indicated in Additional 
file 12: Table S5A. Visualization of Reynolds’ genetic dis-
tances in a Neighbor-network phylogenetic graph (see 
Additional file 13: Figure S8) generates an east–west axis 
with a separate branching-off of fat-tailed, Balkan and 
the other European breeds, following closely the cline 
highlighted by the geographical svPC1 in Fig.  2c. The 
long terminal distances of several Balkan breeds reflect 
the increase of the Reynolds’ distances by small samples 
sizes, but also the low heterozygosity of Cypriotic fat-
tailed (CFT), East-Aegean Chios and Sakiz (CHI, SKZ), 
Karakachanska (KCH) and Valachian (VAL). Among the 
Pramenka breeds, Hungarian Cikta, Istrian and Croatian 
Isles (CIK, IST, CRI) are the closest to the other Euro-
pean breeds. Breeds from the same country are in the 
same area of the network, but Polish Kamieniec (KAM) 
clusters with the Swiss Alpine and Swiss Black-Brown 
Mountain (SWA, SBS).
A further grouping of breeds according to their relat-
edness and geography (see Additional file 12: Table S5B) 
improves the resolution of the European sheep (Fig. 3a). 
In agreement with the PCA, the topology of the tree sug-
gests that gene flow from the Balkan region was followed 
by a radiation to Spain and central and north Europe. 
Adding Asian Mouflon (AMF, Fig.  3b) and European 
Mouflon (EMF, Fig.  3c) to this network suggests their 
affinity to southeast- and north-European sheep, respec-
tively, which is in agreement with the PCA plot of Fig. 2a. 
As shown in Additional file 14: Figure S9, the differential 
affinities of AMF and EMF to domesticated sheep can 
also be visualized in the same network after resolving the 
reticulation caused by the affinity of AMF and EMF.
Model‑based clustering
As observed previously [20, 63], clustering by the admix-
ture program (Fig.  4) did not reproduce the differen-
tiation of sheep from different regions observed with 
coordination or phylogenetic analysis, which is in con-
trast to the admixture patterns for European goats or 
cattle [64, 65]. With the number of clusters (k) set at 2, 
3 or 4, one cluster consistently corresponds to the fat-
tailed sheep. At k = 3, another cluster corresponds to the 
mouflons, and k = 4 generates an incomplete split-off of 
northern Europe. Higher k values (not shown) generated 
clusters corresponding to one or two breeds.
These patterns suggest a fat-tailed influence on Finn 
sheep and on several Mediterranean and Balkan breeds. 
The strongest signals were observed for the Italian fat-
tailed Laticauda and Bagnolese and for the Sicilian, 
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Hungarian and most of the Pramenka breeds. In addi-
tion, a low but consistent signal of mouflon ancestry 
shows an increase from southeast to north Europe. This 
is consistent with Fig. 1 and becomes more pronounced 
if the Admixture program is run in the supervised mode 
(Fig.  4). This plot also suggests introgression of domes-
ticated into the Sardinian mouflon (SMF) population as 
reported previously [46].
Admixture
The signal of mouflon ancestry in the admixture patterns 
does not differentiate between European and Asian mou-
flons. Therefore, following the breed-specific admixture 
analysis (BSAA) procedure as detailed in Methods, we 
selected ancestry-informative markers (AIM) that dif-
ferentiate between AMF and EMF ancestry. Model based 
clustering by using the Structure program (Fig. 4, 5th and 
6th bar plot, Fig.  5, top panel) highlights different pat-
terns for Asian and European mouflon ancestry. AMF 
ancestry is weak and is observed only in northern and 
fat-tailed breeds. EMF ancestry was inferred for most 
European breeds with the highest signals in north Euro-
pean, Swiss and Basque sheep.
Figure  4 (last two plots) and Fig.  5 (top panel) show 
a BSAA for Merino introgression. In addition to the 
expected introgression in the Italian Merino breeds 
Sopravissana and Gentile di Puglia, there are clear 
signals in Czech Sumavska, Polish Kamieniec, Swiss 
Bundner Oberländer, Mirror and Alpine, Slovenian 
Jezersko-Solčava, Hungarian Cikta and Tsigaia, Albanian 
Ruda and north-Macedonian Ovchepolean.
The BSAA signals for AMF, EMF and Merino are con-
firmed by a normalized f4 analysis, which detects intro-
gression via correlation of allele frequencies (Fig.  5, 
Fig. 3 a Neighbor‑net graph of Reynolds’ distances between regional groups of breeds (see Additional file 12: Table S5B). b, c Patterns obtained by 
including AMF and EMF, respectively (see Additional file 14: Figure S9)
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bottom panel). This generates weaker signals, but yields 
plausible quantitative estimates of the degree of admix-
ture, which for the AMF and EMF ancestries are calcu-
lated relative to the southern Pramenka (PRMS) sheep.
The TreeMix program offers a sophisticated and cur-
rently favored approach to combine phylogenetic trees 
with identification of admixture events [58]. The tree 
generated without assuming migrations (m = 0) (see 
Additional file 15: Figure S10) agrees with the Neighbor-
net graph (see Additional file  14: Figure S9), but joins 
the feral EMF and SMF mouflons to the Nordic and 
Dutch-German Heath breeds as in Additional file  14: 
Figures S9D and S9E. Several but not all gene flows indi-
cated by the colored line in the m = 6, 10 or 20 patterns 
are consistent with the admixtures found by BSAA and 
f4 analysis. A more extensive description of theTreeMix 
pattern is in Additional file 15: Figure S10.
Discussion
Scope of this study
In order to identify historic and prehistoric gene flows 
and admixture events, we analyzed genotypes of sev-
eral Balkan sheep breeds together with those from 
southwest-Asian, Mediterranean, central-European and 
north-European populations. Our samples cover the area 
through which sheep were originally introduced into 
Europe, and initiated their dispersal all over the conti-
nent. We have tested several variants of existing modes 
of analysis, which may have a more general applicabil-
ity. A geographically supervised PCA appeared to be 
more effective to detect genetic clines than the spatial 
Fig. 4 Model‑based clustering generated by the program Admixture (first four bar plots) or breed‑specific admixture analysis (BSAA) generated by 
Structure (other plots). Admixture has been run unsupervised (first three plots) or supervised by prior information for three clusters as shown by the 
thick colored bars. In this analysis, the dataset has been supplemented with additional mouflon samples [46]. For the selection of SNPs for BSAA, see 
Methods. Regions and countries have been indicated below the plots; in this plot ‘Balkan’ does not include Greek breeds
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PCA [54], while the admixtures identified consistently by 
breed-specific admixture analysis and f4 analysis could 
be only partially reproduced by the TreeMix algorithm. 
For more detailed methodological considerations, please 
refer to Additional file 16.
Mouflons and domestic sheep
The current Asian mouflons that were sampled in north-
west Iran near the putative southwest-Asian sites of 
domestication are only distantly related to present-day 
sheep (Figs.  2a, 3b) [19, 59, 66]. Thus, the genetic dis-
tances generated a network (Fig.  3) that places Asian 
mouflons close to the center of the network near the 
Pramenka, Greek and fat-tailed sheep, but without any 
affinity to any of the present-day breeds, including the 
fat-tailed breeds currently found in the area which was 
the original domestication centre. We tested whether this 
could be an artefact of the ascertainment bias, by which 
the diversity of Asian mouflons is known to be severely 
underestimated [59, 60]. However, we obtained the same 
topology when we selected SNPs with a high minor allele 
frequency (> 0.39) in the Asian mouflon [49]. This sug-
gests that a SNP panel with additional mouflon SNPs, 
for instance as obtained by whole-genome sequencing, 
would have revealed similar relative affinities of mouflon 
to the domesticated sheep [67].
A plausible explanation for the divergence of Asian 
mouflons and domestic sheep is provided by a recent 
analysis of Y-chromosomal variation (unpublished 
results), which showed for a panel of Asian mouflons, 
as our panel sampled in Iran, a Y-chromosomal haplo-
type that does not resemble any domestic haplotype, 
but is closely similar to the haplotype of the cross-fertile 
urial (Ovis vignei). This may indicate that at least these 
mouflons have diverged by urial introgression from the 
mouflon population that was the ancestral source of the 
domesticated sheep.
The earliest domesticated sheep in Europe were the 
ancestors of today’s feral European mouflons [16] and 
have been replaced in agriculture by wool sheep. Traces 
of European mouflons in domesticated sheep increase 
from southeast to northwest (Figs.  2a, 3, 4). This is in 
agreement with [15], but genome-wide markers now 
yield estimates of the relative degrees of mouflon ances-
try. Barbato et al. [46] proposed that this mouflon com-
ponent contributed to the environmental adaptation of 
domesticated sheep.
The origin of European sheep
The replacement of the first domesticated sheep by wool 
sheep may have already started by 4000 BCE [8, 14]. In 
a similar, rather later process, fat-tailed sheep became 
predominant in many locations of Asia [14]. Remark-
ably, the thin-tailed Zel sheep is found to be in the same 
genetic cluster as the fat-tailed Iranian sheep whereas the 
fat-tailed Italian Laticauda [25] is related to other breeds 
in central Italy. This implies that the tail phenotype is 
encoded by a limited number of genes [36, 68–72]. This is 
in sharp contrast to, for example, the deep-rooted split of 
taurine and zebu cattle.
In spite of the long history and economic importance 
of the production of wool, several sheep with a coarse 
fleece have been maintained over time. At the time of 
the Roman Empire, the best quality wool was that from 
the ‘Tarentine’ sheep, also known as ‘Greek’ sheep [18]. 
Sheep from Italy, presumably those with fine-wool, were 
Fig. 5 Top panel: Q values indicating ancestry of AMF, EMF and Merino (MER + MEE), respectively, as inferred from the corresponding BSAA runs 
shown in Fig. 4. Bottom panel: Scan of indicated f4n values over the 93‑breed panel. The metapopulation PRMS has been defined in Methods. The 
blue and black line below the axis labels indicate the (groups of ) breeds for which ancestry can be inferred from positive or negative f4n values
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exported to other parts of the Roman empire [3]. How-
ever, the process was not complete and European coarse 
and fine-wooled sheep still have overlapping and frag-
mented distributions. The present Iberian coarse-wool 
Churra and the fine-wool Merino are even close relatives 
[22]. We propose that this phenotypic differentiation 
reflects the opposing and varying effects of human selec-
tion for fine wool production and environmental adapta-
tion favoring the more natural coarse wool. As for the tail 
traits, wool quality is controlled by a restricted number of 
genes [59, 73, 74].
As found previously for cattle and goats [64, 65], coor-
dination, phylogenetic and clustering analyses (Figs. 2, 3, 
and 4) consistently show that regional origin is the pri-
mary determinant of genetic differentiation. This has 
generated several clusters of related breeds. Greek breeds 
are intermediate between fat-tailed Asian and European 
sheep. The several incompletely differentiated Zackel 
breeds, most of which were kept in the former Otto-
man Empire, form one of the coherent breed clusters. In 
agreement with a history of mixed German (‘Zaupel’)-
Hungarian origin, Cikta is intermediate between the 
Zackel and central European sheep. Similarly, Delle 
Langhe of north Italy is not closely related to other north 
Italian breeds (see Additional file  13: Figure S8) and 
may have been influenced by breeds not included in our 
dataset.
Correlation of genetic distances of breeds or clusters 
with corresponding geographic distances indicate genetic 
clines. Plausibly, the clines detected by svPCA (Fig. 2b, c) 
correspond to the expansion of wool sheep, which may 
have overruled the earlier clines formed during the intro-
duction of farming along the Mediterranean and Danu-
bian routes [9–13]. If we assume that the maintenance of 
steep clines indicate a relatively slow gene flow, the PCA 
plots and networks indicate that Greek breeds acted as a 
barrier between Asian and European breeds. The spatial 
svPCA patterns (Fig. 2c) also suggest a gene flow from the 
Balkans into north Italy. This intersects with the direc-
tion of a gene flow from north Italy to central and south 
Italy and then to Spain and with a third gene flow from 
north Italy towards central and north Europe. Remark-
ably, there seems to have been no direct flow from the 
northernmost Zackel sheep, Czech Valachian and Polish 
Mountain, to sheep of north Europe.
In addition, the genetic proximity of Zackel, central and 
south-Italian and Spanish breeds (Figs. 2b and 3) suggests 
a migration route along the Mediterranean littoral from 
the Balkans to Spain via the Italian peninsula. This is not 
in contradiction with the geographic svPCA (Fig.  2c), 
because the gene flows corresponding to the Mediterra-
nean east–west movement may very well have influenced 
the allele frequencies in other SNP panels than those 
selected in the geographic svPCA. Plausibly, in addition 
to the Neolithic expansions of agriculture following the 
Mediterranean and Danubian routes [9–13], the expan-
sion of the Tarentine sheep over the Roman Empire con-
tributed to both the Mediterrenean migrations and to the 
northward migration from Italy into central and north 
Europe.
The Admixture and Structure pattern (Fig. 4) shows a 
minor fat-tail component in Finn sheep, which is consist-
ent with the PCA plots (Fig. 2a, b) and suggests an influ-
ence of Asian sheep.
A more recent event is the documented dispersal of 
Merino sheep since the 17th century [21]. As expected, 
there is a large Merino component in the Italian Merino-
type Sopravissana and Gentile di Puglia. In addition, we 
found clear Merino signals in several central-European 
breeds. Although these breeds do not have a Merino-
type wool, these introgressions are entirely in agreement 
with the documented upgrading in the 17th and 18th 
century. The strongest signal is found in the Swiss Alpine, 
whereas the genome of its close relative the Polish KAM 
also has a substantial  Merino component. The Swiss 
breeds SWA, SBS and SMS were putatively influenced 
by British sheep as well [22] as inferred from their high 
frequency of the Y-chromosomal oY1.1 G allele, which 
is fixed in several British breeds [75]. KAM is known to 
have been influenced by Romney and Texel influence 
[47]. Notably, breed histories of SWA and KAM do not 
mention their close relationship or their Merino ancestry 
[24, 47], which demonstrates the power of genome-wide 
DNA analysis for uncovering hidden relationships and 
admixture events.
Our breed panel did not include French or British 
breeds. Kijas et  al. [22] showed that English and Scot-
tish breeds are well differentiated from other European 
breeds. Rochus et al. [19] found, for north-French breeds 
an affinity to English breeds known to have been used for 
upgrading, and for south-French sheep affinities to Italian 
and Spanish breeds. A more complete sampling of Brit-
ish, north-continental and Nordic breeds would enable a 
dissection of gene flows in northern Europe and a docu-
mentation of the consequences of the frequent upgrading 
of north- and central-continental breeds by English rams.
Conclusions
Our study of the Balkan breeds is a crucial addition to 
the panel of breeds analyzed so far with the genome-wide 
SNP arrays. We propose that both the Balkans and Italy 
were hub regions from which sheep dispersed over the 
rest of Europe. We demonstrate that the use of various 
variants of PCA, phylogenetic analysis and model-based 
clustering, emphasizes combinations of SNPs that are 
informative for genetic events. Our results consistently 
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suggest a number of prehistoric and historic gene flows. 
All this contributes to a better understanding of the 
genetic background of cosmopolitan and local sheep 
breeds, serving as templates of environmental adaptation 
and human selection.
Supplementary information
Supplementary information accompanies this paper at https ://doi.
org/10.1186/s1271 1‑020‑00545 ‑7.
Additional file 1: Table S1. Sheep breeds analyzed in this study [16, 18, 
20, 22, 31, 35, 47, 59, 76]. Colors indicate genetic clusters. Boxes indicate 
breeds combined in the 78‑breed panel. 
Additional file 2: Table S2. Datasets used for analysis. 
Additional file 3: Table S3. A 358 SNPs informative for Asian Mouflon 
ancestry used in BSAA. Only SNPs were considered with > 40 out of 42, 
> 55 out of 57 and > 67 out of 69 non‑missing allele frequencies used for 
the pairwise AFM‑PRMS, AMF‑EMFM and EMFM‑PRMS FST calculations, 
respectively. B 334 SNPs informative for Asian Mouflon ancestry used 
in BSAA. Only SNPs were considered with > 67 out of 69, > 55 out of 57 
and > 40 out of 42 non‑missing allele frequencies used for the pairwise 
EMFM‑PRMS, AMF‑EMFM and AFM‑PRMS FST calculations, respectively. 
C 606 SNPs informative for Merino ancestry used in BSAA. Only SNPs 
were considered without missing allele frequencies used for the pairwise 
Merino‑(Iberian non‑Merino) FST calculations. 
Additional file 4: Table S4. ROH statistic per individual or averaged per 
breed. FROH is the total length of the ROH divided by the total length of 
the sheep autosomes (2452.06 Mb). 
Additional file 5: Figure S1. Inverse linear relationship of observed 
heterozygosity and the total ROH coverage FROH, showing relatively low 
heterozygosity values for AMF, SMF and fat‑tailed sheep. 
Additional file 6: Figure S2. Neighbour‑joining tree visualizing the allele‑
sharing distances of the Balkan sheep (see Fig. 1) or (see Additional file 1: 
Table S1) for the breed codes). Breeds that are dispersed over different 
branches of the tree are indicated by colored lines. 
Additional file 7: Figure S3. FineStructure clustering of eastern and 
southeastern European sheep breeds. The color of each bin in the matrix 
indicates the number of “genomic chunks” copied from a donor (columns) 
to a recipient individual (rows). 
Additional file 8: Figure S4. Left panels: normal PCA plots of 525 sheep 
(≤ 6 per breed) including the inbred EFB, KCH, VBS. Right panels: super‑
vised PCA of 546 sheep, including three mouflon populations, in which 
EFB, KCH and VBS as well as the mouflons have been excluded for calcula‑
tion of the principal components (svPC1, svPC2 and svPC3). 
Additional file 9: Figure S5. Supervised PCA of 546 animals as in Fig. 2b, 
showing svPC1 vs. svPC3 averaged per breed. 
Additional file 10: Figure S6. Spatial PCA of 507 domestic sheep without 
EFB, KCH and VBS, which were found to dominate the sPC2 and sPC3 just 
as for in the normal PCA (Additional file 8: Figure S4 left panels). The three 
methods of triangulation, indicated above the plots, give essentially the 
same results, which are similar to the supervised PCA pattern (see Addi‑
tional file 8: Figure S4 right panels). 
Additional file 11: Figure S7. Supervised PCA of 546 animals in which 
the PC (svPC1, svPC2) were calculated based on the indicated fat‑tailed, 
Nordic and Spanish sheep. 
Additional file 12: Table S5. Grouping of breeds for calculation of 
genetic distances. (A) Regional monophyletic groups of breeds for the 
Neighbor‑net graph in Additional file 13: Figure S8. (B) 17 Regional groups 
of related breeds for the Neighbor‑net graphs in Fig. 3 and Additional 
file 14: Figure S9. 
Additional file 13: Figure S8. Neighbor‑net graph of Reynolds’ distances 
between breeds or regional combinations of closely related breeds (see 
Additional file 12: Table S5). 
Additional file 14: Figure S9. Neighbor‑net graphs of 17 regional groups 
of breeds (Additional file 12 B) with (A) AMF, (B) EMF, (C, D) both AMF and 
EMF; (D, E) pattern obtained by increasing the AMF‑EFM distance in order 
to suppress the EMF‑AMF clustering and to show different affinities of 
EMF and AMF for European domestic sheep. 
Additional file 15: Figure S10. TreeMix trees without and with 6, 10 
and 20 migrations and plots of the proportions of the variance explained 
(f‑indices) and likelihoods at different m values. Coloured lines indicate 
inferred migrations with a weight according to the color scale. 
Additional file 16. Methodological comparisons and considerations [22, 
50, 53, 54, 56, 64, 65, 77].
Acknowledgements
We thank Dr. Dag Vage (Ås, Norway), Dr. Andrés Legarra (Castanel‑Tolosan) for 
sending SNP datasets, Dr. Michael W. Bruford (Cardiff ) for sending samples and 
Dr. Oliver Hardy (Bruxelles) for helping with computations. The Sheephapmap 
dataset has been generated by the International Sheep Genomic Consortium.
Authors’ contributions
EC, IC, VC‑C and JAL designed the study. EC, SM, HB, MB, LC, TD, GG, AH, BM, 
JMcE, MHM, OR‑L, DR‑M, DS, MS, OS, both consortia, IC and JAL collected 
materials and/or provided genotypes. EC, SM, AdS, FM, MF, CD, IC and JAL ana‑
lyzed the data. JAL wrote the first draft and EC, SM, MB, LC, AdS, SJGH, BM, FM, 
DS, OS, IC, MS and VC‑C contributed to the text. All authors read and approved 
the final manuscript.
Funding
This study was supported by the Croatian Science Foundation (Project 
ANAGRAMS‑IP‑2018‑01‑8708 “Application of NGS in assessment of genomic 
variability in ruminants”) and by the European Union (projects ECONOGENE 
QLK5–CT2001–02461 and GlobalDiv AgriGen Res 870/2004).
Availability of data and materials
The datasets supporting the conclusions of this article are available in the 
Figshare repository via https ://doi.org/10.23644 /uu.89473 46. Data for the 
Corsican, Hungarian, and Sardinian European mouflon are from [46].
Ethics approval and consent to participate
Blood samples were collected according to the regulations of veterinarian 






The authors declare that they have no competing interests.
Author details
1 Dipartamento Bioscienze, Biotecnologie, Biofarmaceutica, Universita. degli 
Studi di Bari “Aldo Moro”, Bari, Italy. 2 Dipartimento Scienze Agrarie, Alimentari 
e Forestali, Universita Studi di Palermo, Palermo, Italy. 3 Université de Limoges, 
INRAE, Pereine EA7500, USC1061 Gamaa, 87000 Limoges, France. 4 Diparta‑
mento Scienze Agroalimentari, Ambientali e Animali, Universita Udine, Udine, 
Italy. 5 Department of Animal Science, University of Zagreb, Zagreb, Croatia. 
6 Dipartimento di Scienze Animali, della Nutrizione e degli Alimenti, Universita 
Cattolica del S. Cuore di Piacenza, Piacenza, Italy. 7 AgResearch, Invermay 
Agricultural Centre, Mosgiel, New Zealand. 8 Department of Reproduction 
and Biomedicine, Faculty of Veterinary Medicine, Ss. Cyril and Methodius 
University, Skopje, North Macedonia. 9 Roslin Institute and Royal (Dick) School 
Page 13 of 14Ciani et al. Genet Sel Evol           (2020) 52:25  
of Veterinary Studies, University of Edinburgh, Midlothian, Scotland, UK. 
10 Estonian University of Life Sciences, Tartu, Estonia. 11 Department of Animal 
Production, Faculty of Agriculture and Environment, Agricultural Univer‑
sity ofTirana, Tirana, Albania. 12 College of Animal Science and Technology, 
China Agricultural University, Beijing, China. 13 Biotechical Faculty, Podgorica, 
Montenegro. 14 Faculty of Agriculture and Natural Resources, Arak University, 
Arak, Iran. 15 Department of Genetics, Physical Anthropology and Animal 
Physiology, University of Basque Country, Leioa, Spain. 16 Institute of Animal 
Husbandry, Belgrade‑Zemun, Belgrade, Serbia. 17 Department of Animal Sci‑
ence, Biotechnical Faculty, University of Ljubljana, Ljubljana, Slovenia. 18 State 
Veterinary Institute Jihlava, Jihlava, Czech Republic. 19 https://lasig.epfl.ch/
research/projects/projets‑econogene/. 20 https://www.sheephapmap.org. 
21 Faculty of Veterinary Medicine, Utrecht University, Utrecht, The Netherlands. 
Received: 24 September 2019   Accepted: 30 April 2020
References
 1. Larson G, Burger J. A population genetics view of animal domestication. 
Trends Genet. 2013;29:197–205.
 2. Vila E, Helmer D. The expansion of sheep herding and the develop‑
ment of wool production in the ancient Near East: an archaeozoological 
and iconographical approach. In: Breniquet C, Cecile M, editors. Wool 
economy in the ancient near East and the Aegean, vol. 17., Ancuent 
Textile SeriesOxford: Oxbow Books; 2014. p. 22–40.
 3. Frayn JM. Sheep‑rearing and the wool trade in Italy during the Roman 
period. Liverpool: Francis Cairns; 1984.
 4. Flohr M. The wool economy in Roman Italy. In: Droß‑Krüpe K, Nosch ML, 
editors. Text trade and theories: from the ancient near east to the Medi‑
terranean. Munich: Ugarit Verlag; 2016. p 49–62. https ://www.acade mia.
edu/29718 525/The_Wool_Econo my_of_Roman _Italy .
 5. Munro JH. Medieval woollens: the Western European woollen industries 
and their struggles for international markets, c. 1000–1500. In: Jenkins 
DT, editor. The Cambridge history of western textiles, vol. I. Cambridge: 
Cambridge University Press; 2003. p. 229–324.
 6. FAO. The second report on the state of World’s Animal Genetic Resources 
for Food and Agriculture. Scherf BD, Pilling D, editors. Rome: FAO Com‑
mission on Genetic Resources for Food and Agriculture; 2015. http://
www.fao.org/3/a‑i4787 e/index .html.
 7. Peters J, Helmer D, Von Den Driesch A, Saña Segui M. Early animal hus‑
bandry in the Northern Levant. Paléorient. 1999;25:1–223.
 8. Rowley‑Conwy P, Gourichin L, Helmer D, Vigne JD. Early domestic animals 
in Italy, Istria, the Tyrrhenian islands and southern France. In: Colledge 
S, Conolly J, Dobney K, Manning K, Shennan S, editors. The origins and 
spread of domestic animals in Southwest Asia and Europe. New York: 
Routledge; 2013. p. 161–94.
 9. Cymbron T, Freeman AR, Malheiro MI, Vigne JD, Bradley DG. Microsatel‑
lite diversity suggests different histories for Mediterranean and Northern 
European cattle populations. Proc Biol Sci. 2005;272:1837–43.
 10. Tresset A, Vigne J‑D. Substitution of species, techniques and symbols 
at the Mesolithic‑Neolithic transition in Western Europe. Proc Br Acad. 
2007;144:189–210.
 11. Rivollat M, Mendisco F, Pemonge MH, Safi A, Saint‑Marc D, Brémond A, 
et al. When the waves of European neolithization met: first paleogenetic 
evidence from early farmers in the Southern Paris Basin. PLoS One. 
2015;10:e0125521.
 12. de Vareilles A, Bouby L, Jesus A, Martin L, Rottoli M, Vander Linden M, et al. 
One sea but many routes to Sail. The early maritime dispersal of Neolithic 
crops from the Aegean to the western Mediterranean. J Archaeol Sci Rep. 
2020;29:102140.
 13. Davison K, Dolukhanov PM, Sarson GR, Shukurov A. Environmental effects 
on the spread of the Neolithic. 2005; arXiv :q‑bio/05050 13.
 14. Ryder ML. Sheep. In: Mason IL, editor. Evolution of domesticated animals. 
London: Longman; 1984. p. 63–85.
 15. Chessa B, Pereira F, Arnaud F, Amorim A, Goyache F, Mainland I, et al. 
Revealing the history of sheep domestication usingretrovirus integra‑
tions. Science. 2009;324:532–6.
 16. Ryder ML. Medieval sheep and wool types (Britain). Agric Hist Rev. 
1964;12:65–82.
 17. Columella LIM. De re rustica. 1472; Book VII.
 18. Plinius G. Historia Naturalis. Book VIII. p. 190–3.
 19. Rochus CM, Tortereau F, Plisson‑Petit F, Restoux G, Moreno‑Romieux C, 
Tosser‑Klopp G, et al. Revealing the selection history of adaptive loci 
using genome‑wide scans for selection: an example from domestic 
sheep. BMC Genomics. 2018;19:71.
 20. Ciani E, Lasagna E, D’Andrea M, Alloggio I, Marroni F, Ceccobelli S, et al. 
Merino and Merino‑derived sheep breeds: a genome‑wide interconti‑
nental study. Genet Sel Evol. 2015;47:64.
 21. Wood RJ, Orel V. Genetic prehistory in selective breeding: a prelude to 
Mendel. Oxford: Oxford University Press; 2001.
 22. Kijas JW, Lenstra JA, Hayes B, Boitard S, Neto LR, SanCristobal M, et al. 
Genome‑wide analysis of the world’s sheep breeds reveals high levels of 
historic mixture and strong recent selection. PLoS Biol. 2012;10:e1001258.
 23. Costello E, Svensson E. Historical archaeologies of transhumance across 
Europe. New York: Routledge; 2018.
 24. Burren A, Signer‑Hasler H, Neuditschko M, Tetens J, Kijas J, Drögemül‑
ler C, et al. Fine‑scale population structure analysis of seven local Swiss 
sheep breeds using genome‑wide SNP data. Anim Genet Resour Genet. 
2014;55:67–76.
 25. Ciani E, Crepaldi P, Nicoloso L, Lasagna E, Sarti FM, Moioli B, et al. 
Genome‑wide analysis of Italian sheep diversity reveals a strong geo‑
graphic pattern and cryptic relationships between breeds. Anim Genet. 
2014;45:256–66.
 26. Mastrangelo S, Portolano B, Di Gerlando R, Ciampolini R, Tolone M, Sar‑
dina MT. Genome‑wide analysis in endangered populations: a case study 
in Barbaresca sheep. Animal. 2017;11:1107–16.
 27. Mastrangelo S, Di Gerlando R, Tolone M, Tortorici L, Sardina MT, Portolano 
B. Genome wide linkage disequilibrium and genetic structure in Sicilian 
dairy sheep breeds. BMC Genet. 2014;15:108.
 28. Meyermans R, Gorssen W, Janssens S, Wijnrocx K, Lenstra JA, Buys N. 
Unraveling the genetic diversity of Belgian milk Sheep using medium‑
density SNP genotypes. Anim Genet. 2019;51:258–65.
 29. Legarra A, Baloche G, Barillet F, Astruc JM, Soulas C, Aguerre X, et al. 
Within‑ and across‑breed genomic predictions and genomic relation‑
ships for Western Pyrenees dairy sheep breeds Latxa, Manech, and Basco‑
Béarnaise. J Dairy Sci. 2014;97:3200–12.
 30. Manunza A, Cardoso TF, Noce A, Martínez A, Pons A, Bermejo LA, et al. 
Population structure of eleven Spanish ovine breeds and detection of 
selective sweeps with BayeScan and hapFLK. Sci Rep. 2016;6:27296.
 31. Michailidou S, Tsangaris G, Fthenakis GC, Tzora A, Skoufos I, Karkabounas 
SC, et al. Genomic diversity and population structure of three autochtho‑
nous Greek sheep breeds assessed with genome‑wide DNA arrays. Mol 
Genet Genomics. 2018;293:753–68.
 32. Beynon SE, Slavov GT, Farré M, Sunduimijid B, Waddams K, Davies B, et al. 
Population structure and history of the Welsh sheep breeds determined 
by whole genome genotyping. BMC Genet. 2015;16:65.
 33. Deniskova TE, Dotsev AV, Selionova MI, Kunz E, Medugorac I, Reyer H, 
et al. Population structure and genetic diversity of 25 Russian sheep 
breeds based on whole‑genome genotyping. Genet Sel Evol. 2018;50:29.
 34. Gorkhali NA, Dong K, Yang M, Song S, Kader A, Shrestha BS, et al. 
Genomic analysis identified a potential novel molecular mechanism for 
high‑altitude adaptation in sheep at the Himalayas. Sci Rep. 2016;6:29963.
 35. Zhao YX, Yang J, Lv FH, Hu XJ, Xie XL, Zhang M, et al. Genomic recon‑
struction of the history of native sheep reveals the peopling patterns of 
nomads and the expansion of early Pastoralism in East Asia. Mol Biol Evol. 
2017;34:2380–95.
 36. Liu Z, Ji Z, Wang G, Chao T, Hou L, Wang J. Genome‑wide analysis reveals 
signatures of selection for important traits in domestic sheep from differ‑
ent ecoregions. BMC Genomics. 2016;17:863.
 37. Moradi MH, Nejati‑Javaremi A, Moradi‑Shahrbabak M, Dodds KG, McEwan 
JC. Genomic scan of selective sweeps in thin and fat tail sheep breeds 
for identifying of candidate regions associated with fat deposition. BMC 
Genet. 2012;13:10.
 38. Belabdi I, Ouhrouch A, Lafri M, Gaouar SBS, Ciani E, Benali AR, et al. 
Genetic homogenization of indigenous sheep breeds in Northwest 
Africa. Sci Rep. 2019;9:7920.
 39. Ben Jemaa S, Kdidi S, Gdura AM, Dayhum AS, Eldaghayes IM, Boussaha 
M, et al. Inferring the population structure of the Maghreb sheep breeds 
using a medium‑density SNP chip. Anim Genet. 2019;50:526–33.
Page 14 of 14Ciani et al. Genet Sel Evol           (2020) 52:25 
 40. Molotsi AH, Taylor JF, Cloete SWP, Muchadeyi F, Decker JE, Whitacre 
LK, et al. Genetic diversity and population structure of South African 
smallholder farmer sheep breeds determined using the OvineSNP50 
beadchip. Trop Anim Health Prod. 2017;49:1771–7.
 41. Edea Z, Dessie T, Dadi H, Do KT, Kim KS. Genetic diversity and population 
structure of Ethiopian sheep populations revealed by high‑density SNP 
markers. Front Genet. 2017;8:218.
 42. Ahbara A, Bahbahani H, Almathen F, Al Abri M, Agoub MO, Abeba A, et al. 
Genome‑wide variation, candidate regions and genes associated with 
fat deposition and tail morphology in Ethiopian indigenous sheep. Front 
Genet. 2019;10:699.
 43. Brito LF, McEwan JC, Miller SP, Pickering NK, Bain WE, Dodds KG, et al. 
Genetic diversity of a New Zealand multi‑breed sheep population and 
composite breeds’ histry revealed by a high‑density SNP chip. BMC 
Genet. 2017;18:25.
 44. Spangler GL, Rosen BD, Ilori MB, Hanotte O, Kim ES, Sonstegard TS, et al. 
Whole genome structural analysis of Caribbean hair sheep reveals quan‑
titative link to West African ancestry. PLoS One. 2017;12:e0179021.
 45. Lv FH, Agha S, Kantanen J, Colli L, Stucki S, Kijas JW, et al. Adapta‑
tions to climate‑mediated selective pressures in sheep. Mol Biol Evol. 
2014;31:3324–43.
 46. Barbato M, Hailer F, Orozco‑Terwengel P, Kijas J, Mereu P, Cabras P, et al. 
Genomic signatures of adaptive introgression from European mouflon 
into domestic sheep. Sci Rep. 2017;7:7623.
 47. Porter V, Alderson L, Hall SJG, Sponenberg DP. Mason’s world encyclope‑
dia of livestock breeds and breeding. Wallingford: CABI Publishing; 2016.
 48. Huson DH, Bryant D. Application of phylogenetic networks in evolution‑
ary studies. Mol Biol Evol. 2006;23:254–67.
 49. Malomane DK, Reimer C, Weigend S, Weigend A, Sharifi AR, Simianer H. 
Efficiency of different strategies to mitigate ascertainment bias when 
using SNP panels in diversity studies. BMC Genomics. 2018;19:22.
 50. Alexander DH, Novembre J, Lange K. Fast model‑based estimation of 
ancestry in unrelated individuals. Genome Res. 2009;19:1655–64.
 51. Mastrangelo S, Ciani E, Sardina MT, Sottile G, Pilla F, Portolano B. Runs of 
homozygosity reveal genome‑wide autozygosity in Italian sheep breeds. 
Anim Genet. 2018;49:71–81.
 52. O’Connell J, Gurdasani D, Delaneau O, Pirastu N, Ulivi S, Cocca M, et al. 
A general approach for haplotype phasing across the full spectrum of 
relatedness. PLoS Genet. 2014;10:e1004234.
 53. Lawson DJ, Hellenthal G, Myers S, Falush D. Inference of population 
structure using dense haplotype data. PLoS Genet. 2012;8:e1002453.
 54. Jombart T, Devillard S, Dufour AB, Pontier D. Revealing cryptic spatial 
patterns in genetic variability by a new multivariate method. Heredity 
(Edinb). 2008;101:92–103.
 55. Kuo YH, Vanderzwan SL, Kasprowicz AE, Sacks BN. Using ancestry‑
informative SNPs to quantify introgression of European alleles into North 
American red foxes. J Hered. 2019;110:782–92.
 56. Pritchard JK, Stephens M, Donnelly P. Inference of population structure 
using multilocus genotype data. Genetics. 2000;155:945–59.
 57. Patterson N, Moorjani P, Luo Y, Mallick S, Rohland N, Zhan Y, et al. Ancient 
admixture in human history. Genetics. 2012;192:1065–93.
 58. Pickrell JK, Pritchard JK. Inference of population splits and mixtures from 
genome‑wide allele frequency data. PLoS Genet. 2012;8:e1002967.
 59. Alberto FJ, Boyer F, Orozco‑Terwengel P, Streeter I, Servin B, De Villemere‑
uil P, et al. Convergent genomic signatures of domestication in sheep and 
goats. Nat Commun. 2018;9:813.
 60. Naval‑Sanchez M, Nguyen Q, McWilliam S, Porto‑Neto LR, Tellam R, 
Vuocolo T, et al. Sheep genome functional annotation reveals proximal 
regulatory elements contributed to the evolution of modern breeds. Nat 
Commun. 2018;9:859.
 61. Benjelloun B, Boyer F, Streeter I, Zamani W, Engelen S, Alberti A, et al. An 
evaluation of sequencing coverage and genotyping strategies to assess 
neutral and adaptive diversity. Mol Ecol Resour. 2019;19:1497–515.
 62. Upadhyay MR, Chen W, Lenstra JA, Goderie CRJ, Machugh DE, Park 
SDE, et al. Genetic origin, admixture and population history of aurochs 
(Bos primigenius) and primitive European cattle. Heredity (Edinb). 
2017;118:169–76.
 63. Kijas JW, Serrano M, McCulloch R, Li Y, Salces Ortiz J, Calvo JH, et al. 
Genomewide association for a dominant pigmentation gene in sheep. J 
Anim Breed Genet. 2013;130:468–75.
 64. Colli L, Milanesi M, Talenti A, Bertolini F, Chen M, Crisà A, et al. Genome‑
wide SNP profiling of worldwide goat populations reveals strong parti‑
tioning of diversity and highlights post‑domestication migration routes. 
Genet Sel Evol. 2018;50:58.
 65. Decker JE, McKay SD, Rolf MM, Kim JW, Molina Alcalá A, Sonstegard 
TS, et al. Worldwide patterns of ancestry, divergence, and admixture in 
domesticated cattle. PLoS Genet. 2014;10:e1004254.
 66. Yang J, Li WR, Lv FH, He SG, Tian SL, Peng WF, et al. Whole‑genome 
sequencing of native sheep provides insights into rapid adaptations to 
extreme environments. Mol Biol Evol. 2016;33:2576–92.
 67. Porto Neto LR, Barendse W. Effect of SNP origin on analyses of genetic 
diversity in cattle. Anim Prod Sci. 2010;50:792–800.
 68. Moioli B, Pilla F, Ciani E. Signatures of selection identify loci associated 
with fat tail in sheep. J Anim Sci. 2015;93:4660–9.
 69. Yuan Z, Liu E, Liu Z, Kijas JW, Zhu C, Hu S, et al. Selection signature analy‑
sis reveals genes associated with tail type in Chinese indigenous sheep. 
Anim Genet. 2017;48:55–66.
 70. Xu SS, Ren X, Yang GL, Xie XL, Zhao YX, Zhang M, et al. Genome‑wide 
association analysis identifies the genetic basis of fat deposition in the 
tails of sheep (Ovis aries). Anim Genet. 2017;48:560–9.
 71. Mastrangelo S, Bahbahani H, Moioli B, Ahbara A, Abri A, Almathen F, 
et al. Novel and known signals of selection for fat deposition in domestic 
sheep breeds from Africa and Eurasia. PLoS One. 2019;14:e0209632.
 72. Zhi D, Da L, Liu M, Cheng C, Zhang Y, Wang X, et al. Whole genome 
sequencing of Hulunbuir short‑tailed sheep for identifying candidate 
genes related to the short‑tail phenotype. G3 (Bethesda). 2018;8:377–83.
 73. Gutiérrez‑Gil B, Esteban‑Blanco C, Wiener P, Chitneedi PK, Suarez‑Vega 
A, Arranz JJ. High‑resolution analysis of selection sweeps identified 
between fine‑wool Merino and coarse‑wool Churra sheep breeds. Genet 
Sel Evol. 2017;49:81.
 74. Demars J, Cano M, Drouilhet L, Plisson‑Petit F, Bardou P, Fabre S, et al. 
Genome‑wide identification of the mutation underlying fleece variation 
and discriminating ancestral hairy species from modern woolly sheep. 
Mol Biol Evol. 2017;34:1722–9.
 75. Meadows JRS, Kijas JW. Re‑sequencing regions of the ovine Y chromo‑
some in domestic and wild sheep reveals novel paternal haplotypes. 
Anim Genet. 2009;40:119–23.
 76. Våge DI, Husdal M, Kent MP, Klemetsdal G, Boman IA. A missense muta‑
tion in growth differentiation factor 9 (GDF9) is strongly associated with 
litter size in sheep. BMC Genet. 2013;14:1.
 77. Jombart T, Devillard S, Balloux F. Discriminant analysis of principal 
components: a new method for the analysis of genetically structured 
populations. BMC Genet. 2010;11:95.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.
